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SUMMARY

This data package documents the experimentally derived input data on the representative waste
glasses LAWABP1 and HLP-31 that will be used for simulations of the immobilized low-
activity waste disposal system with the Subsurface Transport Over Reactive Multiphases
(STORM) code. The STORM code will be used to provide the near-field radionuclide release
source term for a performance assessment to be issued in March of 2001. Documented in this
data package are data related to 1) kinetic rate law parameters for glass dissolution, 2) alkali-H
ion exchange rate, 3) chemical reaction network of secondary phases that form in accelerated
weathering tests, and 4) thermodynamic equilibrium constants assigned to these secondary
phases. The kinetic rate law and Na'-H" ion exchange rate were determined from single-pass
flow-through experiments. Pressurized unsaturated flow and vapor hydration experiments were
used for accelerated weathering or aging of the glasses. The majority of the thermodynamic data
were extracted from the thermodynamic database package shipped with the geochemical code
EQ3/6. However, several secondary reaction products identified from laboratory tests with
prototypical LAW glasses were not included in this database, nor are the thermodynamic data
available in the open literature. One of these phases, herschelite, was determined to have a
potentially significant impact on the release calculations and so a solubility product was
estimated using a polymer structure model developed for zeolites.

Although this data package is relatively complete, final selection of ILAW glass compositions
has not been done by the waste treatment plant contractor. Consequently, revisions to this data
package to address new ILAW glass formulations are to be regularly expected.
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1.0 INTRODUCTION

The Hanford Low-Activity Tank Waste Disposal Program is planning to issue a performance
assessment (PA) in March of 2001. The major goals of the performance assessment activity are

to:

» support the design of disposal facilities

» provide the technical basis for the Department of Energy (DOE) to authorize construction of
disposal facilities

» obtain approval to dispose of immobilized low-activity Hanford tank waste in those facilities

» provide atechnical basis for final closure of the disposal facilities.

A critical component of the PA will be to provide quantitative estimates of radionuclide release
rates from the engineered portion of the disposal facilities (source term). Computer models are
essential for this purpose because impacts on groundwater resources must be projected out to
time periods of 10,000 y and longer. Details on the recommended technical strategy for devel-
oping this source term have been published [1] and have undergone review by an international
panel of experts. This data package was developed from a direct implementation of that techni-
cal strategy.

The computer model selected for modeling the radionuclide source-term is the Subsurface
Transport Over Reactive Multiphases (STORM) code [2]. The required inputs to this code will
be derived from literature sources and from laboratory experiments with ILAW glasses. This
report, therefore, functions to document the input datathat will be used for STORM simulations.
The STORM code requires input of two main general classifications of data: 1) multiphase flow,
and 2) reactive transport. Multiphase flow input is defined in the near-field hydraulic properties
data package or the far-field hydraulic properties data package [3]. Experimentally derived input
related to conducting reactive transport calculations is defined within this data package.

Laboratory testing provides the majority of the key input data required to assess the long-
term performance of ILAW glasses with the STORM code. Test datafrom four principal meth-
ods, called out by McGrail et al [1], are discussed in this data package including the single-pass
flow-through test (SPFT), pressurized unsaturated flow (PUF) test, product consistency test
(PCT), and vapor hydration test (VHT). The different test methods focus on different aspects of
the glass corrosion process. Linkages between the test methods, their principal function, and the
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datathey provide for modeling are provided in Table 1. The interested reader is encouraged to

consult reference [1] for additional details regarding these test methods and their use in evaluat-

ing long-term glass performance.

Table 1. Overview of Test Methods Discussed in this Data Package

Test Temperature | Duration Data Provided Purpose
Method Range
SPFT 25-90°C 14-28d | Dissolution rate as afunction | Parameterization of kinetic
of temperature, pH, and so- | rate law for glass dissolu-
lution composition tion
PUF 40-100°C Months | Effluent chemical composi- | Highly accelerated test for
to years | tion and dissolutionrate asa | glass screening, secondary
function of temperature and | phases for STORM reaction
flow rate, secondary phases, | network, validation of
hydraulic property changes. | STORM code.
PCT 20-100°C Weeks | Solution composition and Glass screening, secondary
to years | dissolution rate as afunction | phasesfor STORM reaction
of S/V ratio and temperature, | network, calibration of re-
secondary phases. action network with EQ3/6
code.
VHT 70-300°C Daysto | Rough estimate of dissolu- Highly accelerated test for
years tion rate as a function of glass screening, secondary

temperature, secondary
phases

phases for STORM reaction
network. Cannot be used
for evaluating glass corro-
sion models.
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2.0 LABORATORY TESTING

Laboratory testing of a large number of prototypic ILAW glasses has been performed. How-
ever, because of constraints on laboratory resources and computation time required to run com-
plex reactive transport simulations with STORM, the source-term calculations for the 2001
ILAW PA will be limited to one representative glass formulation, LAWABPL, and one glass
formulation (HLP-31) intended to represent a bounding glass formulation in terms of waste
loading and product durability. Additional supporting data on a variety of other ILAW glass
formulations will be provided to demonstrate that LAWABP1 and HLP-31 glasses represent rea
sonable bounds on the performance of the ILAW glass product to be eventually produced at
Hanford, based on the current understanding of the tank waste processing flow sheet and vitrifi-
cation plant design.

2.1 PRELIMINARIES

The interested reader should consult McGrail et al. [1] for athorough discussion of how each
of the tests described in this data package fit into an overall strategy to evaluate the long-term
performance of ILAW glasses. All testing work reported in this data package was conducted in
accordance with PNNL’s Quality Management System Description and associated Quality As-
surance Program Documents (QAPD), which are maintained electronically as part of the Stan-
dards Based Management System or under an equivalent QA Program at Argonne National
Laboratory (ANL). All instrument calibrations and materials are traceable, test procedures and
associated training activities are documented in detail, and test methods comply with established
plans and procedures. Computer Software and Database Control procedures are being followed
for data analysis software being used to store, sort, and reduce data.

All staff members contributing to this data package received proper technical and quality as-
surance training in accordance with QAPD Training and Qualification for Staff. Equipment is
either calibrated periodically or at the time of use and the calibration status of each piece of
equipment is documented through a Material and Test Equipment sheet (M& TE), which is
maintained as a part of the QA file. The M&TE sheets specify the required calibration methods,
usually include a calibration procedure, and document the status of the equipment. All equip-
ment requiring calibration prior to its use will be so labeled.
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Documented procedures were used for sample preparation, test performance, and sample
analysis. Operations not specifically covered in a documented procedure were documented in a
Scientific Notebook. Comments regarding the test performance and test activities are contained
in a Scientific Notebook associated with each test.

2.2 GLASS FORMULATIONS

The test results presented in the following sections will reference seven different ILAW glass
compositions. These are provided in Table 2 for reference. 1t should be noted that LD6-5412
glassisa“high-temperature” glass formulation and has been included here because of the long
history of studies with thisglass. LRM-1 is an analytical reference standard glass developed at
ANL [4]. LAWA23, LAWA33, LAWABPL, and HLP-10 are prototypic of ILAW glasses that
were under development by BNFL, Inc. for the U.S. DOE Office of River Protection. HLP-31
glass is a higher waste loading formulation developed as part of a statistically designed matrix of
56 ILAW glasses. The glasses varied the concentrations of SiO,, Al,Oz, B,O3, F&,03, TiO,,
Zn0O, ZrO,, MgO, and NaxO across a wide composition range that covers, with high probability,
the expected processing composition range for candidate ILAW glasses. For details on the spe-
cific glass compositions involved, please see reference [5].

The glasses were prepared by mixing measured amounts of dried reagent-grade chemicals
(oxides, fluorides, iodides, and sulphides) in an agate mill. The mixtures were melted in a Pt
(10%) Rh crucible and the molten glass was poured onto a cool stainless steel plate. Each glass
was then subjected to heat treatment by placing the glass in a preheated oven at 930°C and then
cooling a 21°C/hr. This cooling rate is consistent with a computed thermal profile for a 1.2m x
1.2m x 1m container that was the design being considered for LAW. The container design has
since been modified to a cylinder of 1.2 m diameter x 2.3 mtall. Microstructural examination of
LAWABP1 glass in a transmission electron microscope showed no evidence of devitrification or

phase separation from the heat treatment.
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Table 2. Composition (Mass%) of Selected ILAW Glasses

Oxide LD6-5412 LRM-1 LAWA23 LAWA33 LAWABP1 HLP-10 HLP-31
Al;O3 12.000 10.000 9.700 11.970 10.000 7.150 4.000

B.O3 5.000 8.000 4.320 8.850 9.250 8.000 12.000
Cao 4.000 0.500 4.460 0.010 0.010
CdO 0.200

Cl 0.350 0.800 0.360 0.580 0.580 0.28 0.320
Cry0s3 0.040 0.200 0.010 0.020 0.020 0.080 0.090
Cs,0 0.150

F 0.290 1.000 0.040 0.040 0.040 0.010 0.010
Fe0s 0.003 1.000 7.430 5.770 2.500 5.630 3.360
I 0.130 0.002 0.057

K20 1.460 1.500 2.310 3.100 2.200 0.420 0.470
LaO3 0.009 2.000

Li-O 0.100 2.080

MgO 0.003 0.100 2.080 1.990 1.000 1.530 0.920

MnO 0.002 0.100
MoO; 0.150 0.100
Na,O 20.000 20.000 20.000 20.000 20.000  20.450 23.00
NiO 0.100

P.Os 0.190 0.500 0.050 0.080 0.080 0.060 0.060
PbO; 0.100

ReO; 0.098 0.010 0.010
SO; 0.210 0.200 0.040 0.100 0.100 0.070 0.080
SeO; 0.050

SO, 55.912 54370 40520 38.250 41.890 50.160 52.000
SrO 0.110

TiO, 0.100 2.490 2.490 3.060 1.830
ZnO 3.340 4.270 2.600 1.530 0.920
2ro; 1.000 3.050 2.490 5.250 1.530 0.920

However, both TEM and high magnification SEM examination of HLP-31 showed evidence
of liquid-liquid phase separation. Figure 1 shows an SEM photo after HLP-31 glass had been
immersed in 6M nitric acid for 2 minutes. Asis obvious from the figure, the glass is dissolving
in avery non-uniform manner, consistent with a glass having two immiscible phases. Energy

dispersive x-ray spectroscopy (EDXS) did not reveal any distinct compositional differences
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among the regions but this may be a conse-
guence of beam penetration into the underly-
ing bulk glass or because the regions are bo-
rate rich/depleted. Boron cannot be detected
with the EDXS unit on our SEM. The phase
separation observed with HLP-31 glass has
significant impacts on its behavior in dissolu-
tion tests, as will be discussed in Sections 3.3
and 4.1.4.

Figure 1. High Magnification SEM | mage of
Nitric Acid Etched HLP-31 Glass
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3.0 KINETIC RATE LAW PARAMETERS

To predict the long-term fate of glass in the subsurface over the period of regulatory concern,
amathematical model that describes glass reactivity isneeded. Over the last few decades, a gen-
eral rate equation has been fashioned to describe the dissolution of glass (and more ordered ma-
terials) into agueous solution. As described below, the equation is based upon the Transition
State Theory of chemical kinetics, in which the overall reaction rate is governed by the slowest
elementary reaction. Elementary reactions have simple stoichiometry and can be combined as an
overall reaction. In many cases, the elementary reactions can only be inferred. As an example of
the elementary reaction, consider the dissolution of SiO, polymorphs to form silicic acid:

SiO,(solid) + 2H,0 « SiO,* 2H,0* — H4SiOs(aqueous) (1)

in which SiO,* 2H,0* represents an activated complex of unknown stoichiometry. Note that the
reactants and the activated complex in Equation (1) are linked by a double-headed arrow sym-
bolizing that the reaction isreversible such that the latter can back react to form the former. De-
cay of the activated complex to form the product (silicic acid) isirreversible inthe TST formula
tion and is symbolized as a uni-directional arrow.

With these assumptions, a general equation describing the rate of reaction as a function of
pH, temperature, saturation state of the system, and the activities of rate enhancing or inhibiting
species [6] has been proposed:

|:| o
—_ -Nn |:|_Ea D _ D Q D
k - kOaH+ eXp BEHE E@E

= dissolution rate, g m? d*
ko = intrinsic rate constant, g m? d*
a,.

T
a’ (2)
H'i

where

hydrogen ion activity

activity of the j™ aqueous species that acts as an inhibitor or as acatalyst
a = activation energy, kJ/mol

R = gasconstant, kJmol™*-K™

T =temperature, K

Q =ion activity product

Ky = pseudoequilibrium constant for glass

n = power law coefficient

o = Temkin coefficient.

k
g
E
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Although there are a number of issues regarding the applicability of Equation (2) for modeling
glass dissolution, McGrail et a. [1] conclude that thisrate law currently “...best describes the
majority of the experimental data that has been gathered over 35 years of studying glass/water
reaction processes.” Consequently, parameterization of this equation is required to conduct
source-term calculations with the STORM code. Because the disposal system temperatureis a

known constant, the determination of five parameters; ko, E,, N, 0, Kq, isrequired for each glass

formulation (neglecting the |_| a}“ term). Theion activity product (Q) isavariable and must be
i

computed with STORM as a function of time and space for the disposal system [1]. Lasaga[7]
convincingly argues that o should be ignored in the above equation because any value where
o # 1isinconsistent with transition state theory. Consequently, o =1 is assumed for this work,

thus eliminating o as an unknown parameter in the rate law.

3.1 EXPERIMENTAL METHODS

The dissolution kinetics of LAWABP1 and HLP-31 glass compositions was quantified
through the use of single-pass flow-through (SPFT) tests. The SPFT test is an open system test
where a solution at a known flow rate and constant temperature flows through a reaction cell that
contains the sample. The configuration precludes recirculation of the effluent and so makes a
“single-pass’ through the reaction cell. Many different SPFT apparatuses have been developed,
but these can all be classified as three basic types: 1) well-mixed batch, 2) packed bed, and 3)
fluidized bed. The well-mixed batch type of apparatus was used for all test data reported here.
The usefulness of SPFT experiments stems from the system reaching a steady-state condition
between the glass and the aqueous solution. Steady-state conditions ensure that the systemis
maintained at constant chemical affinity and the effluent is at a constant value of pH. By ma-
nipulating one experimental parameter at atime, such as temperature, flow-rate, pH, or the con-
centration of additives, the parameters within Equation (2) can be isolated and quantified [8-10].

3.1.1 Materials Preparation
Crushing glass in a ceramic ball mill produced the samples of glass powders used in this

study. The crushed glass was then sieved to separate the powders into a variety of size fractions;
in this study, only the <100, >200 mesh (149 to 75 um diameter) size fraction was used. The
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powdered sample was then sonicated in deionized water (DIW) and rinsed in ethanol to remove
any adhering particles outside the desired size fraction. After drying in a 90°C oven for several
hours, the powder was kept in a desiccator until used in an experiment. The specific surface area
of the glass samples was estimated based on the following geometric formula[8]:

S=— (©))

where mis the mass of glass particles (g), p isthe glass density (g m®), and r is the average par-
ticle radius in meters. Applying this formula for LAWABP1 and HLP-31 glasses in this size
fraction yields a specific surface area of 0.020 +0.003 m?/g. McGrail et al. [11] discuss experi-
ments with these glasses conclusively showing that the surface area estimated from Equation (3)
more accurately represents the true surface area in dissolution tests than the surface area deter-
mined by BET methods [12].

3.1.2 Solutions

Seven different solutions were used to control the pH during the experiments and are listed in
Table 3. Acid solutions (pH =2, 4) were prepared by adding HNO; to deionized water (DIW).
Neutral to dightly basic solutions (pH = 7, 8, 9, and 10) were made by adding small amounts of
the organic THAM (tris hydroxymethyl aminomethane) buffer to DIW and then adding minor

concentrations of HNOs to bring the solution to the desired pH value. Alkaline solutions (pH =
11) were prepared by adding LiCl and LiOH to DIW. Table 3 also gives the change in pH with
respect to the temperature of the experiment, as calculated with the EQ3NR geochemical code
[8]. Asone can seefrom Table 3, thein-situ pH of the experiment can change by as much as 1.5
pH units over the temperature interval of 23 to 90°C.

Aliquots of all input solutions used in this study were analyzed by |CP-OES (inductively
coupled plasma optical emission spectroscopy) methods to determine the background concentra-
tion of elements of interest (Al, B, Mg, K, Si, Na). Inall cases (except the humic acid solution;
see Section 3.2.6), the background concentrations of elements were below their respective detec-
tion thresholds.
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Table 3. Composition of Solutions Used in SPFT Experiments. TRIS = THAM-based
buffer. Solution pH values above 23°C were calculated with EQ3NR Code V7.2b database.

Solution # Composition pH23°C pH40°C pH70°C pH90°C
1 0.01 M HNO; 2.01 2.04 2.07 211
2 0.0001 M HNO3 3.66 3.71 3.71 3.71
3 0.01 M TRIS + 0.0093 M HNO3 7.13 6.53 5.87 5.50
4 0.01 M TRIS + 0.0059 M HNO; 8.08 7.54 6.88 6.52
5 0.05M TRIS + 0.0079 M HNO; 8.97 8.44 7.78 7.42
6 0.05M TRIS 9.65 9.38 8.87 8.52
7 0.01 M LiCl + 0.0107 LiOH 11.07 10.94 10.49 10.12

For select experiments, we added Al, Si, or both to input solutions. Aluminum was added in
the form of water soluble AI(NOs)3-9H,0, which rapidly dissolved leaving no residue. Silicon
was added in the form of silicic acid powder (SiO,-2H,0), which required heating of the silica-
containing solution to 87°C for at least three days to facilitate complete dissolution. These solu-
tions were pH-adjusted by use of HNO; after addition of Al or Si to ensure that solutions were
maintained at the appropriate pH value (typically pH = 9). The amount of Al or Si added to the
solutions depended on the temperature of the experiment. Silicon was added to solution as a
percentage of saturation with respect to amorphous silica. In other words, (a44sios/a* Hasios)* 100,
where aussios 1S the activity of silicic acid in solution, & 4sios IS the concentration of silicic acid
in equilibrium with amorphous silica, SIO,(am). For example, because a* 45104 INCreases with
temperature, a solution that is within 10% saturation at 40°C is far less saturated when the tem-
peratureisraised to 90°C. Therefore, the range of Si concentrations added to solutions varied
from approximately 10 to 150 ppm Si. In the case of aluminum, it was difficult to add aluminum
into solution without becoming supersaturated with respect to polymorphs of Al(OH); (e.g.,
gibbsite). Asin the case of silicon, the amount of aluminum added depended upon the tempera-
ture of the experiment but can be summarized as from 10 to 100 umolal Al. To achieve awide
spread in aluminum and silicon activities in solution, a subset of solutions was prepared with
both added Al and Si. For these experiments, four different concentrations of Al were used. For
each Al concentration, Si was added up to near saturation with respect to amorphous silica.
Again, these additions probably caused the solutions to become supersaturated with respect to
one or more auminosilicate phase. Precipitation of solid phases can be visually detected in the
effluent solution composition, asis fully discussed below. For experiments in which precipita-
tion did not occur, the full extent to which Al and Si affect dissolution rates could be assessed.
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3.1.3 SPFT Apparatus Chock valve
The salient features of the single pass pH Buffer N, 1 Gas Flow
Rae etrng
flow-through (SPFT) apparatus used in this ﬁ —~ e

Oven

50571000

pump (either 3M AVI Micro 210A or Graseby
3000) was used to transfer solution from the

study are illustrated in Figure 2. Either a sy- =
ringe (Kloehn; model 50300) or infusion % ‘

reservoir bottle to a Teflon reactor. Inthe @ ; “ éé‘é 6&5
case of the syringe pump, up to four experi- [ } ' ' -
ments per pump could be run using the same “Sotes
input solution. This configuration was espe- -

cially useful when experiments with varying ~ Figure 2. Schematic of the Single Pass Flow-
flow-through rates were required. Infusion Through (SPFT) Apparatus

pumps were used when the input solutions contained Al or Si additives. Because no part of the
infusion pump comes in contact with the solution, this precluded the possibility of contaminating
|later experiments. Transport of solution from the pumps was accommodated by 1/16" inch Tef-
lon tubing that led to a Teflon reservoir situated within a constant temperature oven. The oven
was set to the temperature of interest and a digital thermocouple, accurate to £2°C, was used to
record temperature daily. An in-line reservoir situated in the oven before the reactor was also
used because the typical flow-through rates were fast enough that the solution may not have had
time to equilibrate at the temperature of interest before entering the reactor. The reservoir vessel
contains two ports, for inflow and outflow of solution, in addition to athird port for a nitrogen
gasline. A nitrogen generator continuously supplied N, to the reservoir, ensuring that atmos-
pheric CO, did not cause deviations in solution pH. A Teflon line connected the reservoir to the
reactor, which housed the powdered sample. The reactors consist of two pieces that screw to-
gether with the upper half containing a port for ingress of solution and a second port for the
egress of effluent solution. The powdered sample lies at the bottom of the reactor in athin layer.
Therefore, the fluid is not pumped directly through the sample, as in other reactor designs. The
advantage of this design is that bubbles that form in the fluid transfer lines do not become en-
trained in the sample, which could alter the exposed surface area. Effluent is collected continu-

ousdly in collection bottles situated outside the oven.
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Aliquots of effluent solution were routinely checked to ensure that pH control was main-
tained during the experiment. The remainder of the effluent solution was acidified by high purity
nitric acid and analyzed for chemical composition by ICP-OES methods. Typically, three blank
solutions were drawn before glass was added to the reactor. The blank solutions were analyzed
for background concentrations of elements of interest and, together with analyses of starting so-
lution aliquots (see above), ensured that contamination from previous experiments was not a
factor.

Experiments were terminated when the concentrations of elements in the effluent solution
became invariant with respect to time (steady-state conditions). Typically, thiswould take from
one to three weeks, depending upon the temperature of the experiments. For example, in order
for boron concentrations to exceed its detection threshold, flow-through rates for experiments at
23°C were relatively slow (+ 20 mL d™%). In contrast, the concentration of boron in experiments
at 90°C was well above detection threshold, even with flow-through rates as fast as 100 mL d™.
Since it typically takes exchange of seven reactor volumes to achieve steady-state conditions
[13], the duration of an experiment at 23°C is longer than that at 90°C.

3.1.4 Dissolution Rate and Error Calculations
Dissolution rates, based on steady-state concentrations of elements in the effluent, are nor-

malized to the amount of the element present in the glass by the following formula:

Normalized dissolution rate (g m?*d™) = _(Ci —Ci)a 4)

fS

where C; is the concentration of the element, i, in the effluent (g L™), C; bisthe average back-

ground concentration of the element of interest (g L™), q is the flow-through rate(L d™), f; is the
mass fraction of the element in glass (dimensionless), and Sis the surface area of the sample
(m?). The value of f; can be calculated from the chemical composition of the glass. Flow-
through rates were determined by gravimetric analysis of the fluid collected in each effluent col-
lection vessel upon sampling. The background concentration of the element of interest is deter-
mined, as previously discussed, by analyses of the starting input solution and the three blank so-
lutions. Typically, background concentrations of elements are below their respective detection
threshold. The detection threshold of any element is defined here as the lowest calibration stan-
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dard that can be determined reproducibly during an analytical run within 10%. Therefore, the
detection threshold can be higher or lower for the same element on two separate analytical runs.
For example, the detection threshold for boron may be as high as 100 ppb (parts per billion) or as
low as 5 ppb, depending how well the ICP-OES instrument operates on any particular day. In
cases where the analyte is below the detection threshold, the background concentration of the
element is set at the value of the detection threshold.

Dissolution rates were computed for elements whose concentrations are at least three times
that of the detection threshold. 1n afew cases, concentrations are less than this and either the rate
is not reported or is reported with all appropriate caveats. Inthe latter case, the uncertainty on
the dissolution rate may be greater than the typical 35%.

Determining the experimental uncertainty of the dissolution rate takes into account uncer-
tainties of each parameter in Equation (4). For uncorrelated random errors, the standard devia-

tion of a function f(xa, X,..X,) is given by:

n

]

of

O¢ = IZE?E o’ )

OO0,

where

or = standard deviation of the function f.
X = parameter i
0, = standard deviation of parameter i.
In the case of dissolution of a solid, the function of interest is Equation (4). Substituting (4) into

(5) resultsin:

OR :\/D q O (Oé 02 E[:i _CibD 02 D(Ci _Ci,b)qj 02 [ (Ci —Ci,b)@ Cg (6)

SR TSR s A s p

Errors of 5%, 5%, 10%, 3%, and 15% were assigned to C;, C_:Lb, q, fi , and S respectively. Al-

though the absolute error inf; is likely significantly higher than 3%, this error is non-systematic
and so does not contribute significantly to sample-to-sample uncertainty, which is the principal
error of interest here. The conservative appraisal of errors assigned to the parameters in Equa-
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tion (6), in addition to the practice of imputing detection threshold values to background con-

centrations, results in uncertainties of approximately +35% on the dissolution rate.

3.2 RESULTSFORLAWABP1 GLASS

Dissolution rates and experimental conditions, including temperature, solution pH, flow-
through rates, and sample mass and surface area, are listed in the Appendix. The majority of the
rates reported are computed based on concentration of boron. Boron istypically the most reli-
able index for matrix dissolution since it, dong with Si and Al, forms the glass polymer network.
In addition, when boron is released during dissolution, it is not retained either in secondary min-
eralsor in “leach layers’ that build up on the surface of glass. Other network forming elements,
such as Al and Si, may be retained after initial release in experiments with slow flow-through
rates and, clearly, neither Al nor Si can be used as an index of dissolution in cases where these
elements are added to input solutions. Rates based on alkali elements, in this case, Na, are also
subject to uncertainty under conditions of slow matrix dissolution rates. As discussed in more
detail below, release of Nato solution is through two separate reactions, matrix dissolution, and
alkali-hydrogen exchange. For example, when flow-through rates are slow, the concentration of
Si in solution in contact with glass builds up, causing the dissolution rate to decrease. Relatively
large amounts of Na are released into solution, however, because the Na'-H* exchange mecha-
nism continues to operate. Thus, in this example, the calculated dissolution rate would be too
fast. In many experiments, however, the log dissolution rate based upon Al, B, Na, and Si
agrees to within 0.2 log units and is reported as an average. 1n some extreme cases, the concen-
tration of boron in solution is below the detection threshold and we are forced to rely on concen-
trations of Al, Na, and Si for computing dissolution rates. This may occur, for example, when
flow-through rates are very fast and concentrations of elements in the effluent are dilute. How-
ever, if these rates are in disagreement with each other, for the reasons mentioned above, then
dissolution rates for that experiment are not reported.
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3.2.1 Achievement of Steady-State and Consistency of Results

As stated earlier in thisreport, obtaining 2 1800 : : : :

o _ 2 1600 | LAWAOBPl Glass v 90°C |
valid dissolution rates depends on the glass- = 1400 | pH(25vC) =9 . 702(: 7
solution system reaching steady-state condi- -% 1200 | g ‘Z‘gog :
. : . = 1000 | ]
tions. Figure 2 shows that these conditions S 800 Vvvyy

. . | .
are met for typical experiments at the four % 400 i ¢T e
(&)
. . R
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gated. Concentrations of boron are invariant F e e eSO OSP
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with respect to time after ~10 days in these Time (days)

experiments. The results shown intthis dia- Figure 3. Boron Concentration Versus Time

gram are typical of what we observed for all for the Four Temperatures Investigated. This
plot illustrates that the system achieves steady-
state conditions in ~10 days. Note scale break
in vertical axis.

experiments.

For experiments performed under similar
conditions, the data generally yield consistent rate measurements. For example, experiments at
pH(23°C) = 9 and flow-through rates between 80 and 100 mL d* gave log, dissolution rates
between —0.71 to -0.84 g m? d™* (see Appendix). The logy mean rate, based on 9 experiments,
i5—0.784 +0.108 g m? d™* (two standard deviations). However, one experiment (#80) is inexpli-
cably faster than all of the others (-0.59 g m? d™). Including this value, the logi, mean rateis —
06EB5RA06060 gihid U Wethinefeferearmiatiele that the SPFT experiments are generally inter-

that the SPFT experiments are generally inter- = 0.10 Fare
B
. . N
nally consistent with nearly all rate values £ 008 é Qla
within +0.2 log units of each other. 2 © si
O 0.06
s
3.2.2 Effect of g/s Variations 5 004} 5
Figure 4 illustrates the effect of varying % 0.02 - g LAWABP1 Glass |
] 9 pH(25°C) =9
the ratio of flow-through rate, g, to sample A 0.00 ‘ ‘ T =90°C
surface area, S Rates based on concentrations 0.0~ 10e8 20e8 3.0e8 4.0e8
q/S (ms™)

of Al, B, Si, and Na are plotted for the condi-
Figure 4. Effect of Variation in the Ratio of

tions of 90°C, pH(25°C) = 9. Thisfigureil- Flow Rate, , to Sample Surface Area, S, on

lustrates that asthe g/Sratio increases, disso-  Glass Dissolution Rate. Note that the normal-
ized rates for Al, B, Na, and Si reach an
equivalent constant value at higher values of g/s.
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lution rates increase and then reach a constant value. This figure also shows that the rates based
on all four elements (Al, B, Na, and Si) are nearly identical over the g/S values studied, indicat-
ing that the glass is dissolving congruently, especially at higher g/Sratio.

Figure 4 illustrates that the effect of g/Son
ratesis similar at 40, 70, and 90°C. For all

o

LAWABP1 Glass

S
=
: 2 H(25°C) = 9

three temperatures, the rate increasesto a ) P 3{?

~ 1
maximum and thereafter remains constant. £ ¥ i g?i ?

(04
This maximum rate is commonly known as S

N 2
the forward rate. Thereasonthat rates are 'S A 20°C gé 4

£ ¢ 70°C *é
relatively slow on the left-hand side of the 2 v 90°C

. . g -3¢ ‘ ‘ 3

diagram (toward smaller values of g/9) is that 2 o0 80 =0 6.0

when flow-rates are low or when total surface log,. q/S, m st
10 '

area is high, the concentrations of elements _ L _
Figure5. Effect of Variation in the Ratio of

dissolved into solution are high. Asthecon-  Flow Rate, q, to Sample Surface Area, S, on
centration of elements rise in solution, the Glass Dissolution Rete at Various Temperatures

solution approaches saturation with respect to some solid phase or phases. Therefore, the disso-
lution rate slows as the chemical potential difference between glass and solution decreases. This
effect is expressed mathematically as the chemical affinity of reaction:

K
Chemical affinity = RTInEEgE:-AGr ©)

where - AG; isthe free energy of reaction, and R, T, Ky, and Q are as defined in Equation (2). In

other words, the chemical affinity is a measure of the departure from equilibrium. Therefore, as
theion activity product, Q, approaches the value of K, the natural log of the ratio K¢/Q — 0 and

the chemical affinity term goesto zero.
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3.2.3 Calculation of n, ko, and E,
Solution pH values were varied between 2 1
and 11 at temperatures of 23, 40, 70 and 90°C

LAWABP1 Glass

(see Table 3). Because the pore water solu-
tion in the disposal system is expected to be
neutral to basic, only the results of the ex-
periments for this pH range will be discussed.

Figure 6 illustrates the effect of pH on the
forward rate for LAWABPL glass. Note that

log,, dissolution rate, g m™ d*

4t
the in-situ pH has been corrected for tem-
perature using the EQ3/6 computer code. For S E 6 7 8 o 10 11 12
the four temperatures sudied, the data indi- pH (T)
cate similar behavior with rates increasing Figure 6. logyo Dissolution Rate Versus Tem-

with pH. The slope of a line through the data perature Corrected pH for LAWABPL Glass

points corresponding to each temperature is equal to ), which is one of the parameters in Equa-
tion (2). The value of the slope is 0.35 +0.03 for all four temperatures plotted. The value of nj is
similar to what we determined previously for LD6-5412 glass[8]. In addition, the value of n for
LAWABP1 glass is consistent with values reported for silicate minerals [14]. Becausen is not
dependent upon temperature, we can set . = 0.35 at the anticipated repository temperature of

15°C with confidence.

Figure 4 also illustrates the strong effect that temperature has on dissolution rates. Dissolu-
tion rates increase by ~1,000X over the temperature interval of 23 to 90°C. Because the solu-
tions were kept dilute during the SPFT experiments, the chemical affinity term (1-Q/Kg) in
Equation (2) can be neglected and a nonlinear regression performed to estimate the remaining
two unknown terms (k,, and E,). The regression yields an activation energy of 68 +3 kJ mol™,
which is similar to the 75 kJmol determined for LD6-5412 glass [8] and k, = 3.4 0.3 x 10° g m'
2d™. Notethat the value of E, for these glasses is similar to that of silica polymorphs (quartz =
66 — 83 kJ mol™ [15]; amorphous silica, 74.5 kJmol™ [16]; cristobalite, 68.9 kd mol™ [17]).
Rupture of the S—O bond in borosilicate glass appears to be the rate-limiting step in dissolution.
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3.2.4 Determination of Kq
In using Equation (2) for modeling glass dissolution kinetics, it must be recognized that there

is still debate in the scientific community regarding the inclusion of other aqueous species, such

as AlO, or Na', asinhibitor or catalyzing species in the |‘| a}“ term or to include them as part of
i

the pseudoequilibrium constant Ky [18]. Abraitis et al. [10] were unable to model their SPFT
data with a HLW glass using aluminate as an inhibitor species. Also, McGrail et al. [19] point
out that use of inhibitor species in Equation (2) can be problematic in PA simulations because the
concentration of species such as AIO,™ can drop to very low values, causing the predicted glass
dissolution rates to be high, even in a silica saturated solution. Because of this concern, we will

not consider further the inclusion of an inhibitor term in Equation (2).

Assigning Kq to a hypothetical phase including all the glass elements has not proven success-
ful in modeling laboratory test data[20,21]. Grambow [22] proposed that the value of Kq should
be equivalent to one of the silica polymorphs e.g., anorphous silica or chalcedony. Bourcier
[23] proposed that Kq should only include a subset of glass component species found in secon-
dary corrosion products but Jégou, Gin, and Larché [24] showed that Bourcier’s model failsto
describe the behavior of even a simple sodium borosilicate glass. We will examine the consis-
tency of our SPFT data with these hypotheses and show how a secondary reaction mechanism,
alkali ion exchange, may explain some of the reported deviations from the chemical affinity rate

law as a function of solution composition.

3.2.4.1 Solutions Doped with Si

Silicon, as SiO,(aq), was added to input solutions over the concentration interval of 20 to 120
ppm. Asdiscussed in Section 3.1.2, silicon was added by dissolving powdered SiO,-2H,0 into a
0.05 M THAM solution, pH-adjusted to 9 (at 23°C). The amount added to each solution is listed
in the Appendix as mol/L Si in the effluent solution. The range in concentration of Si in the ef-
fluent is from <5% to >100% of the saturation value with respect to amorphous silicaat 26°C
and up to 95% at 40° and 70°C. The concentration of Si in the effluent solutions in the 90°C ex-
periments was only up to ~70% with respect to saturation.
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Figure 7. Plot of Dissolution Rates Based on  Figure 8. Plot of Dissolution Rate with Re-
B and Na Versus the Activity of Silicic Acidat spect to B and Na Versus Silicic Acid Activity
26 and 40°C at 70 and 90°C.

Figure 7 and Figure 8 illustrate the effect of silicon on the dissolution rate of LAWABP1
glass. Dissolution rates with respect to both boron and sodium are plotted against the activity of
silicic acid at 26, 40, 70, and 90°C. At the temperature and pH of these experiments, silicic acid
(H4SI0,°) isthe dominant aqueous species, although smaller fractions of H3SiO, (~11%) and
H,SiOs* («1%) are also present. Dissolution rates, based on boron release, decrease rapidly and
then reach a constant value with increasing activity of silicic acid. Rates based on sodium also
become constant at higher activities of H4SiO,4, but are consistently faster than the boron release
rates.

Figures 6 and 7 collectively indicate that dissolution rates decrease non-linearly with respect
to silicic acid activity. This behavior would apparently contradict the proposal of Grambow [22]
in which the activity of silicic acid alone is assumed to control the dissolution rate of borosilicate
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glass. However, McGrall et al. [25] argue that the non-linear behavior can be attributed to a sec-
ondary reaction mechanism, alkali ion exchange. Under dilute solution conditions (low silicic
acid activities), sodium and boron rates are identical within experimental error, as can be seenin
Figures 6 and 7. Asthe concentration of dissolved silicon increases, however, the sodium rates
become statistically faster than boron rates. The divergence in sodium and boron release rates at
high silicon concentrations can be explained by the operation of two distinct mechanisms that
release Nato solution. Under conditions of dilute solution compositions, matrix dissolution
dominates so normalized boron and sodium release rates are equal. Assilicon is added to solu-

tion, matrix dissolution rates decrease. However, the Na'-H" exchange reaction
=S-—ONa"+H" - =S—OH"+Na’ (7
is unaffected by the concentration of silicic acid and so continues to release Na at a constant rate.

Reaction (7) also produces a silanol group and increases the local pH, thus catalyzing the irre-
versible hydrolysis reaction

OH

I
_S —OH+OH" - H,S0,(aq). (8)

I
OH

Consequently, reaction (7) affects the overall rate a which reaction (8) proceeds because it im-
pactsthe rate a which Si—OH groups are produced. However, three silanol groups must be
formed before the last anchoring bond is broken [7], releasing a silicic acid (H4SIiO4) molecule
into solution. The degree of glass polymerization obviously significantly impacts the overall hy-
drolysisrate. Reactions (7) and (8), therefore, are linked but can proceed at different rates, con-
sistent with the data shown in Figures 6 and 7. If this argument is correct, then the observed de-
viations from the linear behavior expected from the kinetic rate law (2) are caused by alkali-H
exchange and not by a fundamental discrepancy per se with the rate law itself.

In Figures 6 and 7, aline is projected through the linear portion of the diagram to derive a
theoretical estimate for Kg. These Kq values are plotted as a function of temperature in Figure 9,
along with the loge K values for SiO,(am) and quartz. As can be seen from Figure 9, the calcu-
lated Kq for LAWABPL glass falls in between the equilibrium constants for SiO,(am) and quartz.
A simple linear regression through the data yields an apparent reaction enthalpy (AH) for
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LAWABPL1 glass of 16.9 +3 k¥mol, "IRIS Buffer
— _ pH(23°C)=9 |

which isidentical (within experimental ST —
error) to SiO,(am) with AH = 15 kJ/mol
but significantly different from quartz with {

AH = 26.4 kJmol. Using the regression,
thelog Kg a 15°C is—-3.3.

3.2.4.2 Solutions Doped with Al -10 : : : :
0.0026 0.0028 0.0030 0.0032 0.0034

T, K*
Figure9. loge Kq Versus /T for LAWABPL Glass.
trate hydrate [Al(NO3)3-9H:0] crystals Dashed lines are the calculated loge K for quartz and

into 0.05 M THAM solutions. Solution amorphoussilica. A linear regression for the
_ LAWABP1 data yields a reaction enthalpy (AH) of
pH values werethen adjustedto 9 by ad-  16.9 +3 k¥mol.

Aluminum was added to select ex-

periments by dissolving aluminum trini-

dition of HNOs. The amount of dissolved aluminum added to the input solutions varied over a
concentration range of 20 to 120 pmol Al. The maximum amount of aluminum added was de-
pendent on, asin the case of silicon, the temperature of the experiment, but in most cases, the
amount of Al probably resulted in precipitation of aluminum hydroxide or aluminosilicate
phases. In asubset of experiments, both Al and Si were added to the input solution. To be able
to compare experiments over the temperature interval studied (40 to 90°C), we kept the range of
Al/Si ratiosthe same. Asin the case of the Al only experiments, precipitation of solid phases
likely occurred over the duration of the experiments. The effects of the precipitated phases will
be discussed below.

The following figures illustrate the extent to which dissolution rates are suppressed when
aluminum is added to solution. Figure 10 shows that dissolution rates decrease linearly as activ-
ity of the aluminate ion, AI(OH),’, increases. The aluminate ion is the dominant aluminum spe-
cies at thetest pH. These results again argue against Grambow’s model [22], wherein the activ-
ity of silicic acid alone governs the dissolution rate of glass. Another noteworthy feature of this
diagram is that the rates are suppressed by a factor of ~4X, which is approximately the same
magnitude to which addition of silicon suppresses rates a the same temperature (see Figure 7).
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Accounting for the effect of aluminum in
the kinetic rate law (2) is atopic of consider-
able debate in the geochemical literature. Gin
[18] has advocated a mixed Al-Si activity
product in which the activities of AlO,” and
SiO,(aq) are raised to an exponent equal to
their respective mole fractionsin the glass. In
the case of LAWABPL glass, the exponent
values are 0.136 and 0.482 for aluminum and
silicon, respectively. However, thereis no
reason to believe that the bulk glass composi-
tion serves as a governor of aluminate and si-
licic acid activities. Alternatively, precipita-
tion of a secondary corrosion product, either
crystalline or amorphous, may control the
concentration of these species.

Figure 11 illustrates a plot of log;g activity
SiOy(aq) versus logip AlO,™ for experiments
doped with Al or Si. For the three tempera-
tures considered, lines regressed through the
data points are near a one-to-one ratio. These
data are consistent with solution composition
control by a phase such as kaolinite,
Al;Si;05(0OH),. Kaolinite has been observed
at 99°C in PUF column tests. Another possi-
bility isthat the solid phase that is precipitat-
ing is a smectite, which has the general for-
mula of (A)o7(B)a[(Si, Al)sO20] (OH)4-nH20,

T 0.030 \ ; ‘

o LAWABP1 Glass
_ (]

e 0.025 To— 40°C |

(= pH(25°C) =9

a; 0.020 L 0.05 M LiClI |

(O]

w 0.015

a

c 0.010 + +

.8

> L

3 0.005

3

= 0.000 :

= 1 2 3 4

aAl(OH),’, mol L™ x 10°

Figure 10. Plot of Dissolution Rate Versus Ac-
tivity of Aluminate lon for LAWABP1 Glass,
40°C. Thefigureillustratesthat dissolution
rates decrease with the progressive increase in
added Al. Note that the solution also contained
a high concentration of LiCl, so the rates are not
comparable to ratesin DIW.

-3 ;
- LAWABP1 Glass
= pH(25°C)=9
S T a

=
— bk
o A
@) A Al or Sidoped, 40°C -
< -6 — m=0834,r=0957 *A A
IE‘ @ Alor Sidoped, 70°C A

o —— m=-0.936, ’=0.903

@H -7 /| @ AlorsSidoped, 90°C

o —— m=-1.023, r’=0.918

-8

5 4 3 2
log,, a[SiO,(aq)], mol L™

Figure 11. Plot of the log,o of Silicic Acid and
Aluminate lon Activities at 40, 70, and 90°C.
The slopes of the lines through the three data
sets are consistent with control of Al and Si ac-
tivities by a phase with a Si:Al ratio of 1:1.

where “A” isan interlayer (alkali or alkaline earth) cation, and “B” is an octahedral (6-fold coor-

dinated) cation. Certain smectite phases (e.g., beidellite) have Al:Si ratios that approach 1:1.
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Figure 12. Plot of Dissolution Rate at 40 and 90°C Versus 1:1 Mixed Al-Si Activity Product.
The solid line is the regression whereas the dashed lines represent the 95% confidence limit.

Figure 12 shows the dissolution rate of LAWABPL glass as a function of a mixed Al:Si ac-
tivity product with Al:Si ratio of 1:1. The data show areasonably linear correlation. From the x-
intercepts of the regression, it is possible to calculate an ion activity product assuming kaolinite
isthe rate-determining solid. The pertinent reaction is

1/2A|28|205(OH)4 = AlOZ- + SIOz(aC]) +H + 1/2H20 (9)

Table 4 shows the regressed ion activity product for Table4. Comparison of lon-Activity
Product Regressed From SPFT Tests
with Solubility Product for Kaolinite

T (°C) 10010 Q log K
23 -17.7 £0.2 -194

Reaction (9) as a function of temperature versus the
logyo K for kaolinite obtained from the EQ3NR data
base. The regressed values of Q are about 1.5 orders of

magnitude larger than the solubility product for kao- 40 -17.1+03 -186
. . . 70 -155+03 -17.2
linite. This could reflect the formation of an amorphous 90 148403 -165

solid with similar stoichiometry but greater solubility

than kaolinite, which would be expected at the low temperature and short duration of these SPFT
teds.
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o, 0010 PH(25°C)=9 | o pH(25°C)=9
Py T=40°C ~ T=90°C
o 0.008 - 1 0 020¢ r?=0.615
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a[AIOz']O'136-a[Si02(aq)]0'482 a[AIOz']O'l%-a[SiOz(aq)]°'482

Figure 13. Plot of Dissolution Rate at 40 and 90°C Versus a Mixed Al-Si Activity Product
Based on Bulk Glass Stoichiometry. The solid line is the regression and the dashed lines repre-
sent the 95% confidence limit.

An alternative to using a mixed Al-Si activity product with Al:Si ratio of 1:1 isto use the ac-
tivity product proposed by Gin [18]. Figure 13 shows that this activity product term also gener-
ates agood linear correlation with boron-based dissolution rates. However, as Figure 13 shows,
when the data set is extended to include the experiments where both Si and Al were added to the
input solution (higher values of the activity product) the results look similar to what was ob-
served with the silicic acid only model (Figure 7). The non-linearity of the datain Figure 14
could indicate 1) that neither the Gin model nor the activity product with a 1:1 Si:Al ratio ade-
quately describes the data set, 2) the calculated activity products are in error because very fine-
grained minerals (e.g., kaolinite, gibbsite) could have been in colloidal suspension not in true
solution, or 3) deviations are due to the effect of alkali ion exchange as described previously.
Although probably unlikely, we cannot exclude possibility #2 at this time because the effluent
solution samples were acidified prior to analysis and any undetected precipitate would dissolve
into solution. If this occurred, analyses of the effluent solution would reflect spuriously high
concentrations of Al and Si in solution.

K-36



HNF-5636 Rev. OA
Ref: PNNL-13043, Rev. 2

One test of the alkali ion exchange hy- g 030
~ 0. : :
pothesis is to examine a data set for aglass = O Aldoped
.. . . o ® S doped
composition that is not susceptible to the ex- - ® Si+Al doped
m 0.20 O undoped
change reaction. According to the model de- '
veloped by McGrail et al. [25], sodium atoms & %} %%
0.10
in non-bridging oxygen (NBO) sites are the _§ LAWABP1 Glass
only ones susceptible to Na'-H" exchange. § g':é%%cc)zg
. : o 0.00 ‘ : : : :
Consequently, a glass with few NBO sites O  0.000 0.004 0008 0.012 0016 0.020
should have very little alkali ion exchange and a[Al0,]°"%.a[Si0,(aq)]***
so should more closely follow the kinetic rate
©
; : 0.30 : : :
law (2). Totest this hypothesis, we performed ‘?E I| LAwAEP1 Glass | O Aldoped
aset of experiments on aboroaluminosilicate o {[L PH(25°C)=9 ®  Sidoped
= dbT=aci ©  SitAldoped
glass that has a molar ratio of Na/(Al+B) @ 020 ¢ ;’ ©_ undoped
: o Q '?!
equal to unity. Thisratio isimportant because E "??, % # %
i
if the value of Na/(Al+B) exceeds one (as- c 010/ 2 %)
suming all the Al and B isin tetrahedral coor- 5
o
dination), the excess sodium atoms create £ 0.00 :
a) 0 1 2 3 4

NBO sitesin glass. Sodium atoms bonded to a[AI0,]-a[SiO, (aq)] X 10’
AlO,4 and BO, units as charge compensators

e . Figure 14. Plots of Dissolution rate at 90°C
are much more difficult to remove by ion ex- Versus the Two Competing Al-Si Activity

change reactions. Product Schemes. Including datafor Al+Si

doped solutions results in a distinct non-linearity
in the data.
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Figure 15 shows the normalized release + 1.0 :
_ o _ o NaAIBSi Glass v Boron
rate for Naand B as afunction of silicic acid “c 08| 17257C & Sodium ||
. . " pH=9
concentration. First, it is apparent from the ©
306+
datathat the glass is dissolving congruently, = # §
even at high SiO,(aq) concentrations; theglass & 041 %
=}
is not susceptible to Naion exchange. Sec- S 0.2 ]
n
ond, the dissolution rate decreases linearlyas 4 g M

0.000 0.001 0.002 0.003

silica is added to solution over most of this _ B
a[SiO,(aq)], mol L

diagram. Therelatively slow rate a low ac-
Figure 15. Plot of Dissolution Rate Versus Ac-

tivities of silicic acid can be explained by the ity of Silicic Acid for a Boroaluminosilicate

higher concentrations of Al in solution at low  Glassat 25°C. In contrast to ILAW glass com-
positions, this glass contains few NBO'’ s be-

Si concentrations. As more Si is added into cause molar Na/(Al+B)=1. Note that boron and
solution, Al and Si formahydrous gel at the ~ sodium rates are identical within error and the
rate decreases linearly with a[SiO,(ag)] over

glass surface and the activity of AIO," de- most of the diagram. Seetext for details.

creases, allowing the dissolution rate to in-

crease slightly. This behavior isidentical to the results reported by Abraitiset a. [10]. Asmore
Si is added to the input solution, Al concentrations drop below detection levels and so silicic acid
activity controls the dissolution rate, resulting in the linear decrease in rate over the majority of
the diagram. These data suggest that the observed deviations from linearity observed with
ILAW glass compositions are a consequence of Na'-H™ exchange reactions, not inconsistency

with the chemical affinity rate law itself.

Although ion exchange is the probable cause of observed deviations from the kinetic rate law
(2), the available data do not permit a statistically meaningful selection between defining Kq asin
Grambow’ s model with asimple SiO, polymorph or as a mixed Al-Si activity product. Either
approach provides an adequate fit to our dataset. Asaresult, we will make a selection based on

heuristic arguments.

As discussed above in some detail, when the concentration of dissolved Si is low, even small
concentrations (<100 micromolar) of Al causes dissolution ratesto decrease. To account for this

effect, Al may be included in the ion activity product, Q, or as an inhibitor species in the

|‘| a}“ term in Equation (2). However, in either case, if the concentration of Al is very low even
i
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though the concentration of Si is high, dissolution rates calculated via Equation (2) will be at or
near the forward rate of reaction. Instead, SPFT results shown in Figure 14 demonstrate the op-
posite, i.e. the rate of dissolution is unaffected by the addition of Al in solutions containing high
concentrations of Si. Moreover, it is highly probable that the disposal system environment
would establish low Al concentrations because zeolites, a class of hydrous aluminosilicate min-
erals, ubiquitously form as reaction products with ILAW glasses (see Section 4.1.3.3). Thelarge
amount of excess Si available in the glass suggests that the fluids slowing percolating through
the disposal system would be near saturation with respect to SIO, polymorphs. Consequently,
incorporation of Al species in the present form of the kinetic rate law would likely result in pre-
dicting erroneously high glass dissolution rates in reactive transport simulations of the disposal
system. Consequently, we recommend using the simpler (Grambow) approach of assigning Kq
to amorphous silica until a better kinetic rate law for ILAW glasses can be developed. A correc-
tion to the rate law for the effect of ion exchange can be accommodated in the STORM code
once the exchange rate has been determined. Thisis discussed in the next Section.

3.2.5 lon-Exchange Rate
Sodium ion-exchange rate as a function of temperature can be obtained directly from the data

shown in Figures 6 and 7. Using the data at high silicic acid activity, the normalized rate of bo-
ron release is subtracted from the sodium rate and then converted to moles of Na per unit area
per time to yield the sodium exchange rate.

Exchange rates for the four temperatures in- -7 ‘ ‘
LAWABP1 Glass
vestigated are plotted on Figure 16. The re- PHE5°C) = 9
8t l E,=52.7kJ mol™ 4

gressed activation energy for Na'-H" ex-

change from LAWABPL glassis52.7 6.7 kJ
mol™, which is similar to the activation energy
of 47.3 kJmol™ reported by Pederson [26] for

log,, Na exchange rate
(mol m? s™)
O

. . 90°C 70°C 40°C 15°C
sodium silicate glass. We note that on an Ar- -11 ‘ ‘ ‘ ‘
o _ _ 0.0026 0.0028 0.0030 0.0032 0.0034
rhenius diagram such as this, a correction UT (K

factor for the change in solution pH should be Figure 16. Sodium-H Exchange Rate Versus

applied. We have not yet completed meas- Reciprocal Temperature for LAWABPL Glass.
The slope of the line through the data indicates

urements of Na ion exchange rate as a func- an activation energy of 52.7 k mol ™.
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tion of pH so this correction, if any, could not be applied. Bunker [27] arguesthat the interstitial
water in corrosion layers is buffered relative to the bulk solution pH. Thiswould tend to limit
any changes in ion exchange rate over a narrow pH range. From the datain Figure 16, the so-
dium ion exchange rate at 15°C, the likely repository temperature, can be estimated at 3.4x10™**

mol m? s®.

3.2.6 Effects of Humic and Fulvic Acid
Humic substances constitute 70-80% w/w of the organic matter in most soils[28]. Because

humics have a strong ability to interact with metal ions, oxides, hydroxides, and minerals to form
water-sable associations, investigators have suggested that humic acids may accelerate dissolu-
tion rates of silicate materials by attacking the Si—-O bond. For example, Bennett et al. [29]
found that dissolution rates of quartz are faster in the presence of humic acid at pH = 7 compared
to rates in solutions containing no organic acids. Gin et al. [30] conducted batch experiments
with R7T7 high-level waste glass in pH 7.3 solutions containing up to 5 g/L humic acid (a com-
mercial humic acid product from Fluka). Dissolution rates based on B release increased by 4X
ina 0.5 g/L solution and by 6X ina5 g/L solution.

Determination of an appropriate concentration of humic acid for use in this study was ham-
pered by an almost complete lack of pertinent data on concentrations of natural organic acids
present in Hanford pore waters. Toste [31] obtained samples from a seepage trench near the N-
Reactor and analyzed them for total organic carbon (TOC) and fractionated the carbon content
into high and low molecular weight organics. Toste [31] found average TOC ranging between 2
to 3 mg/L and that most of the organic carbon (>75%) was present as naturally occurring humic
and fulvic acids.

Using Toste's study as a guide, we prepared a 50 mg/L humic acid solution from commer-
cially-available materials (Aldrich Chemical, Inc.). Commercially available humic acid typically
contains a sizeable fraction (9.3 to 33%) of ash that contains Fe and Si among other elements.
We separated the ash and humic acid by digesting the material in a concentrated NaOH-NaF so-
lution. The NaF is necessary to dissolve amorphous silica that may be present. Humic acid was
then precipitated from solution by acidifying the solution with HCI. Repeated washing, decant-
ing, and centrifuging removed most of the residual Na from the humic acid. Aliquots of the
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sample were dried overnight and the precipitated humic acid crystals were collected. Humic acid
solutions were made up by adding 50 mg of the prepared humic acid to 1 L of deionized water.
The solution pH was adjusted to pH=9 using 0.05 M THAM and a small quantity of nitric acid.
Concurrent with two experiments using the humic acid solution, we ran two “control” experi-
ments with a solution composition identical to the above, but lacking humic acid. Analyses of
the starting solutions indicated the humic acid solution contained up to 2 ppm Na, probably are-
sidual contamination from the digestion procedure. Thus, the background correction for this
element was important. The experiments were run at 90°C for a week using flow-rates previ-

ously determined to be appropriate.

For experiments with fulvic acid, we used awell-characterized “ Soil Fulvic Acid Standard”
purchased from the Humic Substances Society. Fulvic acid solutions were made up by adding
10 mg/L (or 10 ppm) fulvic acid to DIW and pH adjusting to avalue of 9. Asin the case of the
experiments with humic acid solutions, two “control” experiments were run in which solutions

contained no fulvic acid.

3.2.6.1 NMR Characterization

The prepared humic acid was analyzed at room temperature with *3C magic angle spinning
nuclear magnetic resonance spectroscopy (MAS-NMR). The observed chemical shifts were ref-
erenced against an internal standard of Tetrakis (trimethylsilyl) silane. Spectra were obtained on
aVarian VXR-300 spectrometer at 7.05 T using high-speed probes manufactured by Doty Sci-
entific, Inc. Silicon nitride rotors were used to spin the samples at 5 kHz.

Figure 17 shows the measured peak inten-
. i i 50000 - Aldrich Humic Acid aliphatic carbon
sities versus chemical shift. The large peak C MAS-NMR

between 0 to 50 ppm is assigned to saturated 40000

ity

aliphatic carbons, aromatic and olefinic car- 30000 -

Intens

bons are at 100 to 150 ppm, and carboxy! car- 20000 -

bons are at 165 to 190 ppm. The MAS-NMR 10000 -

results are essentially identical to those re- ok Cartﬁﬂw a:jgnfc‘ A .

ported by Malcolm and MacCarthy [32] for 250 200 150 100 50 0 50 -100
. ) ) o Chemical Shift, ppm

Aldrich humic acid. The dataindicate a hu-

Figure17. MAS-NMR Spectraof Aldrich Hu-
mic Acid Used in SPFT Experiments

K-41



HNF-5636 Rev. OA

Ref: PNNL-13043, Rev. 2
mic acid with relatively low population density of aromatic and carboxyl functional groups. This
is important because the complexing power of humic and fulvic acids results largely from their
content of COOH, phenolic OH, and C=0 groups. Humic acid is not a single pure compound
but a heterogeneous mixture of organic substances [33]. Natural humic acids have wide varia-
tions in molecular weight, numbers of functional groups, and extent of polymerization [32]. We
were not able to locate reported spectroscopic analyses of natural humics in Hanford soils. Con-
sequently, the degree of departure of the characteristics of the Aldrich humic acid used in our
tests from naturally occurring humics at Hanford could not be assessed.

3.2.6.2 Dissolution Rate Results P 0.30 LAWABP1 Glass
Figure 18A shows that dissolution rates " 025 Tsoe

computed from effluent concentration of B, j 0.20 ¢

and Na are identical within experimental error g 0.15 | PR

(0.2log units or ~35%) inthe pure bufferand ~ § 0.10 | MR

humic acid solution. Concentrations of Al, g 0.05 | <A> l

and therefore rates based upon Al, are system- 2 0.00 ’ ; - ; A

. . . . . O 1 2 3 4 5 6 7 8
atically higher in the solutions containing hu-

Time, d
mic acid. Thiseffect isprobably dueto che-
. . . T 0.30 : : ‘ : : ‘ :
lating of Al by humic acids. In any event, NE LAWABP1 Glass B
. . L . 0.25 FpH(25°C) = 9
there is no systemétic difference indissolution  © -FF :(gooc)
rates based on boron concentrations. Simi- @ 0207
(0]
larly, Figure 18B, indicates no differencesin § 0.15 ¢ % §;
ratesin the fulvic acid solution as compared g 0104 " ’
= 10 ppm fulvic
with the pure buffer solution. 3 005 0 ppm fulvic |
0
2 0.00 R
Q o 1 2 3 4 5 6 7 8

Although these experiments suggest that
humic (and fulvic) acids do not significantly Time, d

accelerate dissolution rates, the commercial ~ Figure 18. Dissolution Rate (Based on B, Al,
or Na) Versus Time for Experiments With and

humic acid used in these experiments contains - ithout Humic Acid (A) and Fulvic Acid (B).
few reactive functional groups, so that a natural humic acid could give different results. How-

ever, we compensated for this to some extent by using a much higher concentration of humic
acid (50 ppm) thanis likely to exist in Hanford pore waters. Consequently, we believe it un-
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likely that a different humic acid would have a significant effect on dissolution rates at concen-

trations typical of Hanford pore waters.

3.3 RESULTSFORHLP-31 GLASS

A limited set of SPFT experiments has

been conducted with the higher waste loading . | HLP31 Glass

glass, HLP-31. Thisglasswill serve asasen- E, 0020 gty % ’
sitivity case for the 2001 ILAW PA. The % 0.015% % % % %
SPFT experiments were doped with Si up to % 0.010 oo
saturation with respect to amorphous silica as %‘ 0.005 | <& Sodium
was described previously for LAWABPL £

glass. Theresults, shown in Figure 19, are z %0 o5 10 15 20 28
quite surprising in that the dissolution rate a[SiO,(ag)], mol L™ x 10°

(based on boron) shows no evidence of de- Figure 19. Dissolution Rate of HLP-31 Glass
Versus Activity of Silicic Acid for Conditions
of pH=9, T = 26°C. Increasing concentration of
creases. Moreover, the release of Naappears ~ Si has no impact on either B or Narelease rate.

creasing as the activity of silicic acid in-

to be congruent with B over the concentration interval of input Si. Consequently, alkali ion ex-
change does not provide an explanation for this unusual behavior. Lack of evidence for ion ex-
change with this glass is surprising since HLP-31 contains significantly more Na than is needed
to satisfy the number of BO, and AIO,” unitsin the glass. The excess sodium (in both the HLP-
31 and LAWABP1 compositions) is accommodated by formation of non-bridging oxygen
(NBO) sites and we argued previously that these sodium atoms are especially vulnerable to al-
kali-hydrogen exchange.

Averaging the dissolution rate datain Figure 19 gives a forward reaction rate for HLP-31
glassof 0.016 g m?d™. Thisrateis 10 to 15X faster than the forward reaction rate for
LAWABP1 glass at this same temperature and pH. Similar measurements with awide variety of
other silicate glass compositions, some containing no alkali, have all given forward reaction rates
that are within the experimental error estimate of 35%, as shown in Figure 20. Consequently, we
anticipate little or no compositional dependence for forward reaction rates. Y et, the forward re-
action rate of HLP-31 glass is much higher than any other silicate-based glass we have studied.
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Microscopic phase separation (see 1 :
Figure 1) is most probably cause of the ;: o o §§§
unusual dissolution behavior observed o 90°C
with HLP-31 glass. The R ratio [mo- § 1
lar (NaaO+K0)/(Al,03 + B,O3 E ol
+Fe,0O3)] of HLP-31is 1.6. According c_Es ° Lo
to Fleet and Muthupari [34], in glasses g i L e
with R>1, the additional Na;O is ac- gﬁ a4l o Hlpar
commodated intheglassstructureby & 5 5 g o 10 11 12 1:3
forming NBO sites with both silicate pH(calc)

and trigonal borate groups. Agglom-  Figure 20. Forward Reaction Rate as a Function of

_ _ _ Borosilicate Glasses. HLP-31 glass stands out as the
rate rich regions would leave portions  mogt reactive glass at 23°C.

of the glass susceptible to hydrolysis

reactions. Dissolution and release of Naand B from these regions would not follow a conven-
tional theory of glass dissolution behavior. Inany event, to model the performance of this glass
in the disposal system, the dissolution rate of HLP-31 should not be allowed to change as a func-
tion of the silicic acid concentration in the disposal system pore water, i.e. the rate should be as-
signed a constant value. Assuming that the activation energy of dissolution is the same as for
LAWABPI1 glass, this gives a dissolution rate constant at 15°C of 0.0056 g m? d*. Experiments

are till in progress to determine the pH-dependence of the dissolution rate for this glass.
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4.0 CHEMICAL REACTION NETWORK

Having determined the kinetic rate law parameters for LAWABP1 and HLP-31 glassesin the
previous Section (3.0), the next set of required datato conduct source-term calculations with the
STORM codeis 1) a set of secondary phases that form from the long-term weathering of these
glasses in the disposal system environment, and 2) the precipitation-dissolution rate and/or solu-
bility product for each of these phases. Unfortunately, the suite of weathering products that will
form as a consequence of the glass-water reaction cannot be determined a priori. As discussed
by McGrail et al. [1], laboratory tests are used to simulate and accelerate the weathering process.
Two types of tests are used: 1) PUF tests, and 2) vapor hydration tests.

41 PUFTESTS
In previous papers [35-36], equipment configurations for the PUF system have been de-

scribed. A significant number of improvements have been made since these papers were pub-
lished, mainly focused on consolidating the support equipment and electronics into a single unit.
Still, the basic test apparatus consists of a column packed with crushed test material (or materi-
als) of aknown particle size and density, a computer data acquisition and control system, fluid
pump, and electronic sensors, asillustrated in Figure 21. The column is fabricated from poly-
etheretherketone (PEEK), which is chemically inert so that dissolution reactions are not influ-
enced by interaction with the column. A porous titanium plate with nominal pore size of 0.2 um
is sealed in the bottom of the column to ensure an adequate pressure differential for the conduc-
tance of fluid while operating under unsaturated conditions [37]. Titanium was chosen because
it is highly corrosion resistant and has excellent wetting properties. When water saturated, the
porous plate allows water but not air to flow through it, as long as the applied pressure differ-
ential does not exceed the air entry relief pressure, or “bubble pressure,” of the plate. The com-
puter control system runs LabVIEWO (National Instruments Corporation, Austin, Texas) soft-
ware for logging test datato disk from several thermocouples, pressure sensors, inline sensors for
effluent pH and conductivity. The column is suspended from an electronic strain gauge to accu-
rately track water mass balance and saturation level. The column also includes a“PUF port,”
which is an electronically actuated valve that periodically vents the column gases. The purpose
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of column venting is to prevent reduction in the partial pressure of important gases, especially O,
and CO,, which may be consumed in a variety of chemical reactions.

Figure 21. Picture of PUF System Hardware (Patent #5974859)

4.1.1 Materials

Results from PUF testing of three representative ILAW glasses will be discussed:
LAWABPL, HLP-31, and LAWA44 glasses. The composition of LAWABP1 and HLP-31
glassesare givenin Table 2. LAWAA44 isarepresentative BNFL, Inc. glass developed by Dr.

lan Pegg at the Catholic University of America. The composition of LAWA44 glass was con-
sidered proprietary at the time this report was published but it has a 20 mass% Na,O content,
identical to LAWABPL.

Crushed glass was prepared following the procedure detailed by the American Society for
Testing and Materials [38]. The glass was crushed manually and sieved to separate the 425- to
250-pum size fraction (-40+60 mesh). The crushed and sieved glass was then washed ultrasoni-
cally with demineralized water and ethanol to remove fines, and then dried. Representative sam-
ples of the crushed, sieved, and washed glass were surveyed with a scanning electron microscope
(SEM) to verify that the size of the glass grains was consistent with the sieved size fraction and
that fines had been removed. The specific surface area of crushed glass was estimated by as-
suming particles to be spheres having radii equal to the average opening of the sieves, aswas
discussed previously.
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4.1.2 PUF Test Procedure
The PUF experiments were performed at nominal flow rate of 2.0 mL/d and a temperature of

99°C. Each column was packed with the crushed and cleaned glass, giving an initial porosity of
approximately 0.40 +0.03, and then vacuum saturated with water a ambient temperature. A
temperature controller was programmed to heat the column to 99°C in approximately 1 h
(1°C/min). The column was allowed to initially desaturate during heating by gravity drainage
and was also vented periodically to maintain an internal pressure less than the bubble pressure of
the porous plate. After reaching 99°C, the influent valve was opened, and influent and effluent
were set to their respective flow rates. Column venting was set to occur once an hour. Effluent
samples were collected in areceiving vessel, which was periodically drained into tared vials
from which samples were extracted and acidified for elemental analysis by |CP-OES and I1CP-
MS. The ICP-MS was calibrated with certified standards prior to each series of analyses.

At the time of thiswriting, only the experiment with LAWABP1 glass has been terminated.
After test termination, reacted solids were removed by carefully scraping material out of the col-
umn at intervals of calibrated depth. The removed solids were placed in individual containers
and the samples were allowed to dry in air. Selected samples were then analyzed with SEM and
x-ray diffraction (XRD). A few samples of the reacted glass particles were also mounted in an
epoxy resin that was then ground using 600-grit SIC paper to permit viewing in cross section the
particles and any surface layers.

4.1.3 Reaults for LAWA Series Glasses
Results from the computer-monitored test metrics for LAWABPL and LAWA44 glasses are
shown in Figure 22. At about 150 d in the test with LAWA44 glass, an electrical problem devel-

oped with the conductivity sensor. Consequently, the electrical conductivity data are inaccurate
after thistime period. Because the sensor data are noisy, the data were smoothed using a bi-

square weighting method where the smoothed data point, ys, isgiven by y, = (1- f)?. The pa-
rameter w isaweighting coefficient calculated from awindow surrounding the smoothing loca-
tion in the set of the independent variables. A low-order polynomial regression (order 2 in this
case) is used to compute w for each smoothed value. The smoothed data are provided as lines in

Figure 22.
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A comparison of glass dissolution rates based on B release between LAWABPL and the
LAWAA44 glass shows that both glasses are performing well with the rate just before the test with
LAWABP1 glass was terminated at 0.1 g m? d* and for LAWAA44 glass (test still in progress) at
0.06 gm? d*. Theinterested reader should consult McGrail et al. [39] for description of the
formula used to calculated normalized release rate in PUF tests. Also note that the dissolution
rate of LAWABPL glass in the PUF test is essentially identical to the dissolution rate measured

in SPFT experiments in solutions near saturation with respect to amorphous silica (see Figure 8).

4.1.3.1 Humic and Fulvic Acid Solutions

At approximately 135 d, the deionized water influent in the PUF test with LAWA44 glass
was changed out for the 50 mg/L humic acid solution, which was described previously (Section
3.2.6). Asisevident in Figure 22, no change in electrical conductivity or solution pH occurred
immediately after the change to the humic acid solution. No change in the dissolution rate of the
LAWA44 glassis evident either from the effluent chemical analysis, as shown in Figure 23, al-
though the higher Na content of the humic acid solution is clearly detected over the injection pe-
riod. Essentially identical results were obtained with the fulvic acid solution, i.e. no satistically
significant change in dissolution rate was observed. These results are in accord with what was
observed in SPFT experiments with the same organic acids (see Section 3.2.6).
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4.1.3.2 LAWABP1 Water Mass Distri- 0.08
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LAWABPL glass, the reacted solids were
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particles) at 5 mmintervals. These sam-

Water Mass Fraction

ples were analyzed for moisture content by

sS4

drying in glass vials at room temperature
in asealed can with CaSO, desiccant.
Samples were dried until a constant mass
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] ) Figure 24. Water Mass Distribution in Reacted
was obtained. Theresultsareshownin  gpids From PUF Test with LAWABPL Glass

Figure 24.

The first three data points likely represent an imbibition profile as water drips from the fluid
inlet onto the top of the porous glass bed. The data show peak water content at about 45 mm
downstream (sample S9) from the fluid inlet. Aswill be shown in the next section, this sample
also contains the greatest volume percentage of crystalline phases. Consequently, the larger wa-
ter mass associated with the sample is likely a combination of interstitial water trapped in the
tighter pore space and as waters of hydration associated with the secondary minerals formed in
this region of the column. Sample S9 isindicative of atrue precipitation front where water mass

has accumulated in alteration products.

4.1.3.3 Solid Phase Analyses

Optical photographs (Figure 25) taken on samples $4 and S9 show how the grains from sam-
ple S4 appear almost pristine whereas most of the grains from sample SO are coated with altera-
tion products. The distribution of crystalline phases as a function of position in the PUF column
was examined by powder x-ray diffraction (XRD). Although this method is not very sensitive,
requiring 10 vol% or more crystallinity to produce a diffraction pattern, the results in Figure 26
clearly show the higher concentration of crystalline phases near samples S9 and S11. Overlap-
ping peak positions associated with a number of Na-aluminosilicate phases makes quantitative
pattern matching with an individual phase difficult. However, the patterns are consistent with
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Figure 25. Optical Photos of LAWABP1 Glass Samples $4 and S9 After 190 d of Reaction
in PUF Test at 99°C and 2 mL/d Flow Rate

the presence of herschelite [(Na,K)AISi,Os-3H.O],
analcime [NaAlSi,Os H,0], and kaolinite
[Al;Si,05(0H),].

S15

SEM analyses of sample S9 reveals grains
coated with an alteration layer (see highlighted area

VST I . 9

s7

in Figure 27a) and several crystalline alteration
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acted LAWABP1 Glass Samples
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Figure 28. Kaolinite Crystals Figure29. Aluminosilicate

Found on PUF Reacted Phase Shown in Cross-Section

LAWABP1 Glass Sample S11 in PUF Reacted LAWABP1
Sample S1

Embedded in the clay layer are also small crystals with plate-like morphology (see inset of
Figure 27b). This phase was isolated in sample S11 as shown in Figure 28. The morphology of
the phase and EDS analysis identify it as kaolinite, which was conclusively confirmed by the se-
lected area electron diffraction in the TEM. TEM analyses also identified anatase (TiO,) and
sauconite [Nay 3Zns(Si,Al)4010(OH),-4H,0] in sample S11.

Although the XRD analyses showed no crystalline phases in sample S1 (taken from near the
top of the column), SEM analyses showed that small amounts of crystalline phases were present
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at isolated locations. EDS analyses showed these phases to be a Na-aluminosilicate compound.
Asis shown in Figure 29, the mode of attack in this region appears highly localized in contrast
with the morphology in the other samples, which had more uniform corrosion layers of approxi-
mately constant thickness.

The PUF test with LAWA44 glass remains in progress at the time this report was drafted.

Consequently, no reacted solid phase analyses are yet available.
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Figure 30. Computer Monitored Test Metrics From
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inadvertent interruption of air pressureto  smoothed fits to the raw data.

ity at approximately 400 d was due to the

the column for several days. This caused
the effluent flow rate to drop to very low values and the water content to rise rapidly to near 70%
of saturation. Once air pressure was restored, the effluent chemistry and water content began

slowly returning to nominal values.
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solid phases are expected to form that would affect its solution concentration. Based onthe B
release data prior to the air pressure interruption, HLP-31 glass is dissolving at about
0.4 g m?d*, which is approximately 4 to 5X faster than observed for LAWABP1 and LAWA44
glasses (see Figure 23). The PUF test results are in accord with the previously discussed obser-
vations from SPFT experiments with HLP-31 glass. The higher Na,O loading (23 mass%) of
HLP-31 glass as compared with the LAWABP1 and LAWA44 glasses (20 mass%) clearly re-
sultsin aless durable glass.

4.2 VAPORHYDRATION TESTS

Stainless steel lid
Vessel closure

VH'll'r,] mé:ii:;pzrz: ;raz Z:r::t(;d to g//&&%/////////////////////\\\\%g e

saturated water vapor at elevated tem- 4 ) §\
peratures (typically 100°C to 300°C) ina

sealed vessel as shown in Figure 32. At
relative humidity (RH) above about
80%, athin film of water condenses on

Ptwire

Samples Deionized water

Stainless steel vessel Stedl support

the sample. The thickness of the film
increaseswiththeRH, and itisinthis  Figure 32. Schematic of Apparatus for conducting
film that the glass corrodes. Thethick- Vapor-phase Hydration Test

ness of the film determines the effective S/V ratio of the system; for auniform layer, the SV ra
tio issimply the inverse of the thickness of the film. Most VHTs have been performed in 100%
relative humidity at temperatures above 100°C, although tests have been conducted at lower hu-
midities and temperatures. At the completion of atest, the sample is removed from the vessel,
and the reacted surface isanalyzed. Discrete precipitated crystalline phases usually form when
the sample corrodes. The solution evaporates from the sample when the test is terminated and is
not available for analysis. This precludes using the test to evaluate and test models of glass cor-
rosion behavior, which require detailed measurements of the solution composition in contact

with the glass.
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4.2.1 VHT Procedures
The VHTs were performed according to a PNNL technical procedure. Samples with dimen-

sions 10x10x1.5 mm are prepared from heat-treated glass bars using diamond impregnated saw.
All sides are polished to 600 grit surface finish using SIC paper. Samples, stainless steel vessels,
lids, and supports are cleaned and samples are suspended from a stainless steel supports on Pt
wire. The amount of deionized water needed to saturate the inside of the vessel at given tem-
perature (plus 0.05 ml excess of water, which is allowed to condense on samples surface) is
added to the vessel. The sealed vessel is held at constant temperature in a convection oven for a
preset time. After the test termination, samples are removed from the vessel and examined for
presence of secondary phases first by visual observation and optical microscopy. Amount of
glass dissolved is determined by measuring the thickness of remaining unaltered glass as viewed
in cross section with an optical microscope equipped with image analysis software. The altera-
tion products are identified with X-ray diffraction (XRD) and scanning electron microscopy
(SEM) with energy dispersive spectroscopy (EDS).

4.2.2 Results Table5. VHT Corrosion Rate Summary. Rates

. _2 _1 .
Corrosion rates reported by Shulz g M~ d", EainkJmol.
Glass D 150°C 200°C 250°C 300°C E,

et a. [40] as afunction of temperature

HLP-31 78.3
for HLP-31, LAWABP1, and LAWABP1 37 48 442 3364 96.2
LAWA44 5.2 102.9 603.0 108.5

LAWA44 glasses are provided in Table
5. Notethat these results represent the current status of testing and some rates may change as
new data become available. Shulz et al. [40] also report on the ateration phases formed on these
glasses and these are provided in Table 6. Analcime and NaTiSi,Os were the major alteration
phases identified with each glass. Phillipsite [(K,Na)2(Si,Al)sO16-4H,0] probably formed with
LAWABP1 glass because of its higher potassium content relative to the other ILAW glass for-
mulations. The sodium borate phase probably forms in VHTs because B cannot be removed
from the corrosion layer via mass transport into liquid water. This highly soluble phase would

not be expected to form in a disposal system environment or in other types of laboratory experi-

'V apor-phase Hydration Test Procedure, GDL-VHT, Rev. 1, Pacific Northwest National Labo-
ratory, Richland, WA (1999)
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ments with a free water phase present. Catapleite [NaxZrSizsOq-2H,0] isa mineral found in hy-
drothermally altered rocks, commonly in association with analcime and microcline [41].

Table 6. Alteration Productson VHT Samples as Determined by XRD
Glass Name Phases
HLP-31 Anacime, NaTiSi,Og

LAWABP1 Analcime, NasAlgSi1 003, 12H,0, Phillipsite,

Nay 55(AlSIO4)6(B(OH)4)1.685(H20)1.97
LAWA44 Analcime, NaTiSi,Og, Catapleite

4.2.3 Results for Other ILAW Glasses
A matrix of 56 glasses was developed and tested with the aim to identify the impact of glass

composition on long-term corrosion behavior and to develop an acceptable glass composition
region [40]. Of the 56 glasses, 45 were designed to systematically vary the glass composition
and 11 were selected because a large and growing database on their corrosion characteristics had
accumulated. The glasses varied the concentrations of SiO,, Al,O3, B,O3, Fe;03, TiO,, Zn0O,
ZrO,, MgO, and Na,O across a wide composition range that covers, with high probability, the
expected processing composition range of the ILAW glass producer. The test matrix was de-
signed in collaboration with staff at the Catholic University of America (principal contractor re-
sponsible for ILAW waste form development) to ensure that the selected components and ranges
were relevant to glasses that are under current development. For details on the specific glass
compositions involved and complete test results, please see Shulz et al. [40]. We only provide a

very brief overview of the results here.
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In Figure 33, we plot the logarithm of the
measured 200°C VHT corrosion rate for al 56
of the HLP series glasses. Immediately obvi-
ous from the plot is that alarge fraction of the
test glasses have corrosion rates less than
10 g m? d*. Thisresult was quite unexpected
because the aggressive, high-temperature con-
ditions of the VHT were anticipated to pro-
duce high corrosion rates for a significantly
larger fraction of the test glasses. Still, the
VHT corrosion rate is a sensitive function of
glass composition as the rates vary by over 4
orders of magnitude for the range of glass
compositions tested. The corrosion rate re-
sults are essentially a direct measure of the
stability of the glass with respect to a suite of
alteration phases that form as a consequence
of the glass/water reaction.

To more quantitatively analyze the results,
the VHT corrosion rate data have been re-
plotted in the form of a cumulative distribu-
tion function, as shown in Figure 34. The
measured 200°C VHT corrosion rate for
LAWABP1 glassis 4.8 g m? d™ and the cor-
responding data point is highlighted in Figure
34. Thisglassisvery near the midpoint of the
distribution (half of the data set have higher
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19 18 : T 12 11

38 = 100 448
4041 43 43 44 4540

Figure 33. Radial Distribution Plot of 200°C
VHT Corrosion Rates for HLP Series of ILAW
Glasses. Radial coordinates are logyo corrosion
rate, gm2d>.
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Figure 34. Cumulative Distribution Plot of
200°C VHT Corrosion Rates for HLP Series of
ILAW Glasses. The datawerefit to a3-
parameter logistic function of the formy =
al[1+(x/Xo)"].
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1000

rate and half lower) of 5.1 gm?d™. A full 80 percent of the tested glasses have 200°C VHT cor-
rosion rates less than 30 g m? d™. Thisisonly about 8 times faster than the VHT rate for
LAWABPL glass. Consequently, it appears that afairly large glass composition region will

likely meet the required performance objectives for the ILAW disposal system.
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4.3 THERMODYNAMIC DATA

In addition to the secondary phases identified in PUF and VHT experiments with LAWABP1
and HLP-31 glasses (see Sections 4.1 and 4.2), an additional set of secondary phases was identi-
fied by modeling the dissolution of LAWABP1 glass in deionized water with the EQ3/6 code
package [42] and the data0.com.R8 database [43]. We eliminated a large number of the phases
listed in the EQ3/6 database from consideration by: 1) recognizing that formation of the phase is
kinetically prohibited at the disposal system temperature of 15°C, 2) noting that selection of the
phase would violate the Gibbs phase rule, 3) comparing simulations with experiments and elimi-
nating phases that generated solution compositions that were inconsistent with the experiments,
or 4) considering phase stability over the range of chemical environments expected for the ILAW
disposal system. The final set of phases was determined by modeling the solution chemistry ob-

served in PCT experiments, as described below.

4.3.1 PCT Description
The Product Consistency Test (PCT) has been standardized as an ASTM standard procedure
[44]. The ASTM standard includes two methods: PCT Method A was developed specifically for

verifying process control of vitrified HLW forms and is conducted with specific values of test
parameters, PCT Method B does not specify the values of test parameters. Because the PCT
Method B encompasses commonly used variations of test parameters, we refer to all static dis-

solution tests with crushed glass generically as PCTs.

The PCTs were conducted by reacting an aliquot of crushed glass that had been sieved to
isolate the 75 to 150 um (—100 +200 mesh) size fraction with an aliquot of DIW in a sealed ves-
sel at atemperature of 99°C. All testswererun in Teflon PFA containers. The amount of glass
and DIW was adjusted to achieve a glass surface area to solution volume ratio (S/V) of approxi-
mately 20,000 m™. At the end of the test, an aliquot of the leachate was removed immediately,
before the vessel was allowed to cool. Thiswas done so that the sample accurately reflected the
solution chemistry at the test temperature. Solution pH was also measured at temperature with a
Ross pH electrode. The leachate aliquots were diluted 10:1, acidified with 1 vol% Ultrex nitric
acid, and then analyzed with ICP-OES and ICP-MS. A second aliquot was also removed at-
temperature and immediately filtered with a 1.8 nm average pore size Centricon filter. Thefil-
tered sample was also diluted 10:1, acidified with 1 vol% Ultrex nitric acid, and then analyzed
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with ICP-OES and ICP-MS. The filtrations were performed to determine if colloids were pres-
ent in the unfiltered leachate.

T T
/l 100% Dissolved

¢ / PCT-B
& Deionized Water
‘ / 20,000 m™, 99°C
/ —6— LD6-5412
- - LAWABP1

LAWA23

LRM-1
—— LAWA33
—e- HAN28

HLP-10

HLP-31

4.3.2 PCT Results

Results from PCT experiments with
LAWABP1, HLP-31, and several other pro-
totypic ILAW glasses are shown in Figure 35.
Filtered leachates were not Satistically differ-

[
o
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<4

Normalized Mass Loss, g/m?
P

ent from the unfiltered samples, indicating

0.1

little colloid formation during the tests. Sev- 0 %0 00 150200 250 300

Time, d
eral of the test glasses exhibited instability Figure 35. PCT Datafor Selected ILAW

during the experiment where the corrosion Glasses

rate suddenly accelerated between samplings. The acceleration was correlated with the forma-
tion of zeolites (analcime, herschelite, etc.). The corrosion rate accelerates sufficiently that the
entire initial mass of glass (100% dissolved line in Figure 35) is converted to alteration products.
The reader should note that the normalized mass loss in Figure 35 was calculated based on the
initial geometric surface area of the glass. At high values of mass loss, the diameter of the glass
particles shrinks and eventually approaches zero whereupon the normalized mass loss becomes
undefined.

4
4.3.3 _Modeling With EQ3/6 3
Using the boron release data from the PCT i 3¢ - o g\l v N
experiments with LAWABPL glass, areaction '% 2L g‘l‘"‘
progress value was calculated as a function of § . o ﬁT\O
test duration. Reaction progress is simply the § \  © LAWABPLGlass o
. . g 0F ~_a, PCT-B 20000 m™*
moles of glass dissolved in 1 kg of water. The > +£"_ Deionized Water, 99°C
= — T —
results are shown in Figure 36. Also shown -1 : : : : : :
_ _ _ 00 01 02 03 04 05 06 07
on the figure is the predicted elemental solu- Reaction Progress, mol/kg
tion concentration from the EQ3/6 code. Figure 36. Comparison of PCT Solution Con-

Agreement with the experimental dataisex-  centration Data with the Solution Composition

Calculated with the EQ3/6 Code (li
traordinarily good. « W eEQ ode (lines)
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The predicted secondary phase LAWAsﬁi JA— —
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of the phases [labeled as amor- Na-Nontronite —=
= AI(OH),(am) [ o

0.001

phous, e.g. La(OH)z(am)]. Thisis | l<— zn(oH),(am)
a consequence of the fact that Goiﬂtzl.iommnne La(OH), l

amorphous solids rather than their 0.0001 3 5 1
crystalline analogs often formin log,, Reaction Progress, mol/kg

|aboratory experiments with waste  Figure 37. Predicted Paragenetic Sequence of Alteration
Phases Formed During the Reaction of LAWABPL Glassin
Deionized Water. Soddyite and PuO, were also predicted
typically much more solubleand  to form. However, they are not shown because of the very
small mol fractions associated with these phases.

glasses. The amorphous solids are

thisis reflected in the equilibrium
constant. The log K values assigned to each of the phases used in the simulations are provided in
Table7.

4.3.4 Solubility Product for Herschelite
Herschelite has been identified as a ubiquitous reaction product in PUF and VHT tests with a
large number of BNFL, Inc. glass formulations, including LAWABPL. Because this phaseis

thought to be principally responsible for dissolution rate accelerations observed during testing,
inclusion of this phase in the reaction network is mandatory. However, a solubility product for
this phase is not included in the current thermodynamic database for EQ3/6 nor has a measured

value been reported. Consequently, it was necessary to estimate alog K for herschelite.

The composition of herschelite forming from corrosion of a sample of LAWA33 glass was
determined using EDS coupled to a SEM. From these data, the chemical formula for herschelite
was calculated to be Nay 6:Ko.50Al2.26S14.00012.45-6H20. The temperature dependent solubility
product was calculated using the approach outlined by Mattigod and Kittrick [45]. In this ap-

proach the temperature dependence of solubility of a mineral is expressed in the form:

log K1 =1/2.303R[A InT + BT + C/T?>+ D/T + E] (10)
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Table 7. Secondary Phase Reaction Network for LAWABPL Glass. log K iscalculated at 15°C

Phase Reaction log K
Aluminum Hydroxide _ -t i
Al(OH)s(am) Al(OH)s(am) = AlO, + H'+ H,O 13.10
Analcime . ; n !
; Anacime=0.96AI0, + 0.96Na” + 2.04S 0O -9.86
Nap.96A 10,9651 2.0406'H20 I 2 2(20)
Anatose Anatase + 2H,0 = Ti(OH)(aq) 6.64
2
Badadeyite Baddeleyite + 2H,0 = Zr(OH).(ag) 929
2
Catapleite . . n i
NaoZrSisOg-2H,0 Catapleite + 2H™ = 2Na’ + Zr(OH)4(ad) + 35 0,(aq) + H0 Unknown
Goethite . ~
Fe(OH)s Goethite + H0 = Fe(OH);(aq) -11.09
Herschelite

. Herschdlite = 1.62Na’ +0.50K* + 2.26Al0, + 4SO + 0.14H* + 5.93H,0 -40.94
Nay 2K 050Al 52651 0001245 6H0 ! (2) (2) 2 2(20) 2

Lanthanum Hydroxide

La(OH)s(am) La(OH)s(am) + 3H" = 3H,0 + La** 22.55
KO.BFQX?;ZEE&-HZO Nontronite-K + 2H,0 = 0.330A10; + 2Fe(OH)s(aq) + 0.330K™ + 3.67Si0,(aq) -43.70
Mgo.lesgg]Atrlzzéiggn-Hzo Nontronite-Mg + 2H,0 = 0.330A10;" + 2Fe(OH)s(ag) + 0.165Mg?* + 3.67SI0,(a0) 4336
N%.snggfgzgjeTgll.Hzo Nontronite-Na + 2H,0 = 0.330A10," + 2Fe(OH);(aqg) + 0.330Na’ + 3.6790,(aq) -43.33
NaO.SKF:):iIIA!:gi'gg'Hzo Phillipsite = 0.5Na" +0.5K* + AlO, + 3Si05(ag) + H,0 1987
e g, e PUO, + H' +0.250,(g) = PUO," + 0.5H,0 518
VoS 6(S)e£i(00|:-t|i-6HZO Sepiolite + 8H' = 4AM@?* + 6S0,(aq) + 11H,0 31.29

\ aOSZnB(SfZLI’%‘E(eOH)Z_ 4,0 Sauconite+ 5H' = 0.3Na + 32" + 2.95505(ac) + 13AI10; + 7.5H;0 Unknown
AT ' SOy(am) = SIOy(ac) 285
(UOz)Sggi%/it-gHzo Soddyite = 2U0,% + SiOy(ar) 0.39
KZ(UO\Q)/gng_ m,o  Wesksite BH'=2K' + 2U0; + 6SIO,(an) + THO 15.38
a4 ”;r':(g:‘)’:ide ZNn(OH),(am) + 2H* = 2H,0 + Zn?* 14.44

where Kt isthe solubility product a temperature T (°K), R isthe gas constant, A = Aa, B = Ab/2,
C=Ac/2, D=[AaT,+ (Ab2) T2-Ac/T,-AS’T, + RT InKy], and E = [-Aa- AalnT, - Ab T,
+ (Ac/2 T,A) + AS?], and Aa, Ab, and Ac are the heat capacity of reaction coefficients from Meier-
Kelly equation
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AC,=Aa+AbT +Ac/T? (12)

where AS’ = entropy of reaction
K+r = solubility product a areference temperature (298.15 °K).

The dissolution/precipitation reaction of herschelite is expressed in the form:

1.62Na" (aqg) + 0.50K* (aqg) + 2.26A1%* (ag) + 4Si(OH).° (ag) + 2.45H,0 (12)

The solubility product for this reaction is expressed as.

log K1 = 1.62 log Na" + 0.50 logK* + 2.26 logAI** + 4 logSi(OH).° + 8 logH" =
1/2.303R[A InT + BT + C/T?+ DIT + E] (13)
The sources of thermochemical data used in the equilibrium constant calculations are listed
in Table 8. Using Kirchhoff’s law, the Gibbs free energy of reaction was calculated as a function
of temperature. The solubility product was then calculated using the expression

In K(T) = - AG%2.479 (14)
where AG® isthe free energy of reaction. The resulting empirical formula for computing K(T) is

log Kt = -11.5438 InT + 0.071779T + 8.8225x10%/T? + 1.1881x10%T + 15.654.  (15)

The solubility product for herschelite was calculated with Equation (15) at 10° temperature in-
tervals starting from 15°C to 95°C. The computations showed that the solubility product of
herschelite changes by about six orders of magnitude between 15 and 95°C, indicating signifi-
cantly higher solubility at higher temperature as compared to its solubility at ambient tempera-
ture. Thelog K at 15°C is 13.26 given the reaction written as Equation (12). In Table 7, the dis-
solution-precipitation reaction for herschelite is given with AlO,™ as the aluminate species instead
of AI** asin Equation (12). Consequently, the log K in Table 7 reflects a correction for the re-

action:

AlI* + 2H,0 = AlO, + 4H* logio K (15°C) = -23.98. (16)
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Table 8. Thermochemical Data used in the Calculations

SpeCIGS AGfO 50298.15 Cp =a+bT + C/T2
(k¥mol) | (¥mol deg) (Jmol deg)
a bx10° | cx 10
Na1,62K0,50A|2,268i4,00012,45 6H20 -7405.40 691.41 342.68 841.05 13.10
(herschelite)

H.O (liq) -237.14 69.91| 49.66| 54.31 8.44
Na' (ag) -261.90 59.00 0| 155.64 0
K* (aq) -282.49 102.50 0| 7280 0
Al** (ag) -485.00 -321.70 0| 128.03 0
Si(OH).° (aq) -1308.00 180.00 0| 719.65 0

AG{ values: herschelite estimated by the method of Mattigod and McGrail [46], for all other

species from Robie et al. [47].

L0515 values: herschelite estimated by the method of Robinson and Haas [48], for all other spe-

cies from Wagman et a. [49].

C, coefficients: herschelite estimated by the method of Robinson and Haas [48] and fit to MK
equation, H,O from Mattigod and Kittrick [45], for all other aqueous species from Naumov [50].
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5.0 CONCLUSION

In this data package, alarge body of datais presented on the corrosion behavior of
LAWABPL, aprototypic glass for low-activity waste. Four test methods, SPFT, PCT, VHT, and
PUF were used in combination to examine the corrosion behavior of the glass over awide range
of conditions. Results from these experiments were used to derive the parameters necessary to
conduct long-term PA calculations with the STORM reactive transport computer code.

In addition to the dataon LAWABPL glass, experiments were also conducted with HLP-31
glass, which has a 15% greater waste loading than LAWABPL glass. This glass was selected for
awaste loading sensitivity case calculation in the 2001 ILAW PA. In room temperature SPFT
experiments, this glass showed a fixed rate of dissolution that was independent of solution com-
position, i.e. the rate did not diminish as the silicic acid concentration in the input solution was
increased. Moreover, the rate was 10 to 15X faster than has been observed for numerous other
silicate-based waste glasses. Phase separation into borate rich regions, which are susceptible to
hydrolysis reactions, may explain its unusual corrosion behavior.

Vapor phase hydration experiments were also conducted with a statistically designed matrix
of 56 glasses that spans the anticipated processing region. At 200°C, VHT corrosion rates were
a strong function of composition with a maximum rate of 1219 g m? d* and minimum rate of
0.1 gm?d?, afour order of magnitude spread. However, the distribution of rates was logarith-
mic such that 80% of the test glasses had VHT corrosion rates within a factor 8 of the corrosion
rate for LAWABP1 glass (4.8 g m? d™). Assuming that the VHT corrosion rates approximate
actual disposal system behavior, it appears that a large glass composition region is available to
produce ILAW glasses that will meet performance objectives for the ILAW disposal system.

K-63



HNF-5636 Rev. OA
Ref: PNNL-13043, Rev. 2

Table9. Summary of Best Estimate Rate Law Parameters for LAWABPL
and HLP-31 Glasses at 15°C

Parameter Meaning LAWABP1 HLP-31 Comments

ko forward rate constant ~ 3.4x10° 1.0x10°  HLP-31 based on 26°C
(gm?d?h dataonly

Kg apparent equilibrium  4.9x10™ ND Not Defined. The HLP-
constant for glass 31 glass dissolution rate
based on activity did not change as func-
product a[ SIO,(ag)] tion of g SiOx(aq)]

n pH power law coef- 0.35 0.35 HLP-31 value assumed
ficent same as LAWABP1

Ea activation energy of 68 68 HLP-31 value assumed
glass dissolution re- same as LAWABP1
action (kJ/mol)

o Temkin coefficient 1 1 Assigned constant

Ix Naion-exchangerate  3.4x10™ 0 No detectable ion ex-

(mol m?s™)

change rate for HLP-31
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